[1] A rock magnetic and SEM study of Devonian carbonates from the Cantabria-Asturias Region, northern Spain, was undertaken to further our understanding of the pervasive remagnetization of carbonate rocks during the Late Paleozoic, and the mechanism by which these remagnetizations occur. These rocks contain three ancient Late Paleozoic magnetizations. The rock magnetic properties of mineral extracts were compared with those of whole rock chips and ''nonmagnetic'' residue to deduce magnetic carrier(s) and grain sizes. Hysteresis measurements for rock chips show ''typical'' wasp-waisted loops, whereas extract shows typical pseudosingle-domain-like (PSD) unrestricted loops. Within all sites, there is a noticeable contribution of superparamagnetic (SP) grains seen in hysteresis properties and low-temperature magnetization measurements of whole rock chips, whereas a trend away from a strong SP contribution is seen when hysteresis properties of whole rock are compared with those of residue and extract. Consequently, our extraction process (predictably) removes SP grains, while preserving the characteristic fraction of remanence-carrying material, which behaves like a typical mixture of single-domain (SD) and PSD magnetite. Paradoxically, the typical ''fingerprint'' of remagnetized carbonates, as seen in the whole rock data, seems to be a response to abundant SP grains associated with the acquisition of chemical remanent magnetizations (CRM), and not the actual remanence carrying population itself. Scanning electron microscopy (SEM) observations of magnetic extract reveal abundant authigenic Fe-oxides, characterized as either 10-100 mm Ni-free spherules or individual 0.1 -10 mm euhedral grains. SEM observations of thin sections reveal abundant evidence of fluid flow driven chemical reactions that resulted in formation of new Fe oxide. Such reactions occurred along cracks and grain boundaries and within void space, and are associated with Fe-rich clay and calcite-dolomite reactions or as oxidation of Fe-sulfide framboids. Together, the SEM observations and rock magnetic experiments reveal that the three Late Paleozoic remagnetizations experienced by Cantabria-Asturias Paleozoic carbonates are CRMs facilitated by the presence of fluids activated during Late Paleozoic Variscan deformation.
Introduction
[2] The final amalgamation of Pangea during the Late Paleozoic Variscan-Alleghanian orogeny is widely recognized as having caused global-scale remagnetizations. Although mostly reported in limestones, this event affected many types of sedimentary rocks in all of Pangea's major blocks (Figure 1 ), including, but not limited to, North America, Europe, Asia, Africa, and Australia. The ubiquity of these remagnetizations has led to considerable rock magnetic research focused on the possible cause(s) and carrier(s) of this pervasive event. Two main mechanisms have been proposed for the remagnetization of Paleozoic limestones:
(1) the acquisition of a thermoviscous remanent magnetization (TVRM) caused by burial and prolonged exposure to elevated temperatures [Kent, 1985] and (2) the acquisition of a secondary chemical remanent magnetization (CRM) through magnetic mineral growth activated by basinal brines and other orogenic fluids [e.g., McCabe et al., 1983; Bachtadse et al., 1987; Jackson, 1990; Suk et al., 1990a; Thominski et al., 1993; Molina-Garza and Zijderveld, 1996] . It is now widely believed that secondary CRMs are the cause of most Paleozoic carbonate remagnetizations and that TVRMs are unlikely given the relatively low burial temperatures determined for carbonates studied (<250°C). Although the ubiquity of this process is widely accepted, the mechanism for the remagnetizations, and its relationship with orogeny, is still not fully understood. To further our understanding, details of mineralogy and genesis of CRM carriers must be determined. Ultimately, a better understanding of the origin and distribution of natural remanent magnetization (NRM) carriers will allow comparison between affected Paleozoic carbonates from varying localities to determine whether they have acquired similar CRMs in response to the Late Paleozoic Variscan-Alleghanian orogeny and, as a result, whether remagnetized carbonates share a common rock magnetic signature and remagnetization history.
[3] Previous studies of remagnetized North American platform carbonates suggest that they hold a magnetic ''fingerprint'' that distinguishes them from unremagnetized carbonates and synthetic samples of mixed magnetite grain sizes [Jackson, 1990; McCabe and Channell, 1994; Channell and McCabe, 1994] . Of these signatures, hysteresis properties have been the most universal, with typical remagnetized limestones having anomalously high Hcr/Hc ratios with respect to given Mrs/Ms ratios. Such high Hcr/Hc ratios are typically associated with bimodal distributions of vastly different magnetic coercivity phases caused by mixtures of either grain size (i.e., a combination of superparamagnetic (SP) and single-domain (SD) grains) [Pick and Tauxe, 1993; Tauxe et al., 1996] , magnetic mineralogy (i.e., magnetite and hematite) [Roberts et al., 1995; Muttoni, 1995] , or particle anisotropy (both shape and magnetocrystalline) [Jackson, 1990] . These contrasting coercivity distributions commonly result in wasp-waisted hysteresis loops [Wasilewski, 1973] , which have been proposed as one of the more recognizable signatures of remagnetized carbonates [Jackson, 1990; McCabe and Channell, 1994; Channell and McCabe, 1994] . Unfortunately, it is very difficult and often impossible to use wasp-waisted hysteresis loops for direct interpretation of magnetic grain size and mineralogy [Tauxe et al., 1996] . Consequently, because of the inherent nonuniqueness in hysteresis parameter interpretation [Parry, 1982] a definitive explanation for the pervasiveness of waspwaisted hysteresis loops in remagnetized carbonates, and subsequently the existence of a magnetic fingerprint, has been elusive.
[4] To better understand the origin and global predominance of the Late Paleozoic remagnetization event and its proposed fingerprint on carbonates, we undertook a study of remagnetized Devonian carbonates from the Cantabria-Asturias Arc (CAA), northern Spain (Figure 2 ). This area is paleomagnetically unique in that the Paleozoic rocks have experienced several sequential remagnetizations during the Variscan-Alleghanian orogeny. To characterize the distribution of crystal morphology and granulometry and to determine in which minerals the magnetic remanence resides, rock magnetic properties of whole rock chips are compared with those of magnetic extracts and ''nonmagnetic'' residue. These rock magnetic properties include hysteresis parameters, demagnetization of three-dimensional (3-D) isothermal remanent magnetization (IRM), acquisition of IRM, saturation IRM (SIRM), and anhysteretic remanent magnetization (ARM), and low-temperature demagnetization. To describe the morphology and chemical composition of the magnetic grains present, scanning electron microscopy (SEM) was used on magnetic extract and thin sections.
[5] Collectively, the rock magnetic and SEM results provide identification of the mineralogy and grain size of remanence carriers in CAA carbonates, and determination of the source for the rock magnetic fingerprint found in remagnetized carbonates. Furthermore, by comparing the rock magnetic behavior of suites of rocks that carry different remagnetization components, we are able to determine whether different remagnetization components found in the same formation have distinguishing rock magnetic characteristics and therefore experienced distinctive remagnetization histories. Last, we are able to use these results to elaborate on the mechanism of attaining several remagnetizations so close in time and space and on the relationship between remagnetization events, regional deformation, and global tectonic events.
Geologic and Paleomagnetic Background
[6] The CAA of northern Spain is a unique orogenic belt in that it displays 180°of arc curvature that is concave toward the orogenic foreland; that is, fold-thrust vergence is toward the core of the arc (Figure 2) . Recently, Weil et al. [2000] undertook a detailed paleomagnetic study of two Devonian limestone formations (the Santa Lucia and Portilla formations) within individual structural domains of the CAA hinge zone to determine the geometry and timing of Variscan deformation and elucidate regional structural characteristics. Results of that study suggest that the CAA curvature is related to a change in the regional stress field, from earlier dominantly east-west compression to later northsouth compression, caused by the lock-up of Iberia between Laurussia and Gondwana during the final amalgamation of Pangea.
[7] The samples used for this study were taken from the collection of Devonian carbonates used by Weil et al. [2000] in the hinge zone as well as other samples collected in the southern limb of the CAA [Weil et al., 2001] . The two formations sampled reveal three ancient remagnetizations, and individual samples may carry one or two of these. In all cases the magnetization components were distinguished by their relationship with deformation events, which was determined by local and regional fold tests (Figure 3) [see also Weil et al., 2000 Weil et al., , 2001 . These components and their relationship to deformation are a previously unrecognized postorogeny Late Permian-Early Triassic (PT) component with southeast declinations and intermediate up inclinations (Figure 3) , a posttilting yet prerotation Early Permian (B) component with shallow inclinations, and a Late Carboniferous synfolding (C) component. A low unblocking temperature viscous present-day field overprint (component A) was found in all samples (northerly and down) and was removed by 250°C. The distinction of the PT component as postdeformational was determined by fold tests and comparing the in situ paleopole position calculated from 30 paleomagnetic sites located in the southern zone of the CAA with stable Iberia's Late Paleozoic and Mesozoic apparent pole wander path (APWP) (Figure 3 ) [Parés et al., 1996] . The PT component was not found in the CAA hinge zone. Demagnetization plots for representative samples from the entire study area are shown in Figure 4 .
[8] The geographical distribution of magnetization components within the CAA indicates a regional tectonic control on remagnetization, i.e., possible fluid migration along major structural detachments. The B magnetization is present throughout the hinge area of the arc, whereas the C magnetization is restricted to the outer thrust unit only, and the youngest PT component is restricted to the southern belt only. Paleotemperature maps, based on the conodont alteration index of the sample area [Raven and Van der Pluijm, 1986; Bastida et al., 1999] , also show a correlation with major structural features. This led Raven and Van der Pluijm [1986] to conclude that the structurally controlled temperature domain boundaries were caused by orogenic fluids associated with hinterland activity, which by inference is likely linked to the CAA remagnetization history. Van der Voo et al. [1997] suggested that a similar rock-fluid interaction could have been the remagnetizing mechanism in the CAA's Lagos del Valle Syncline. It should be noted that paleotemperature estimates for the studied area never exceeded $250°C, which likely rules out TVRMs being responsible for the CAA multiple remagnetizations.
Sampling and Methods

Sampling
[9] Oriented cores were collected for paleomagnetic analysis with a portable gas-powered drill at over 200 sites in 1996, 1997, and 1999 . Samples from a total of 37 sites were chosen from this collection based on their previously determined paleomagnetic behavior (i.e., how many and which magnetic components were observed) (Figure 2) . Details of the samples' rock magnetic and paleomagnetic properties can be found in the data repository (see Table A1 1 ).
Magnetic Extraction
[10] Given the low concentration of magnetic minerals in CAA limestones, magnetic extraction was completed to concentrate Table A1 is available via Web browser or via Anonymous FTP from ftp://agu.org, directory ''apend'' (Username = ''anonymous'', Password = ''guest''); subdirectories in the ftp site are arranged by paper number. Information on searching and submitting electronic supplements is found at http://www.agu.org/pubs/esupp_about.html. magnetic material for both rock magnetic measurements and SEM analysis. For each site a core was also set aside for bulk rock measurements and thin section preparation. The remaining cores for each site were sliced into thin (<1 cm) disks using a nonmagnetic rock saw and bathed for several minutes in a 10% HCl solution to remove any contamination from drilling, sawing, and handling. After thorough rinsing of the disks with deionized water, each was placed in an ultrasound bath for several minutes and then dried. When cleaning was complete, the disks were ground down in a slam-jaw rock crusher until all fragments were <1 mm and then transferred to a wolfram-carbide shatter box and further crushed until the powder had particle sizes <100 mm. During the crushing process, ''dummy'' samples (CAA carbonate rock chips not used in this study) were crushed and tested for metal and steel fragment contamination using a magnet placed under the crushed rock. No visible contamination from the crushers was found. Both rock-crushing devices were cleaned with ethyl alcohol between sample processing.
[11] The crushed samples, which averaged 250 mg, were subsequently placed in cleaned 600-mL glass beakers under a fume hood and slowly mixed with a solution of 1 N acetic acid buffered with sodium acetate to a pH of 4.0. It has been shown [McCabe et al., 1983; Freeman, 1986 ] that this solution is properly buffered to minimize the effects of magnetic mineral alteration and optimize carbonate dissolution efficiency. The rock powder-acid mixture was stirred several times a day to stimulate carbonate dissolution and then left to settle overnight. The remaining acid was decanted every morning with a cleaned syringe and replaced with a new buffered acetic acid solution. This process was repeated daily for up to 10 weeks, until all carbonate was dissolved. The remaining slurry was then cleaned several times with deionized water until all remains of the acid solution were removed. Thereafter, samples were dehydrated in a freeze-drier and mixed with an anticoagulant (e.g., calgon) to disperse the fine-grained particles, in particular, the large amount of clay particles present. The final step before magnetic mineral extraction was to place the samples into an ultrasonic bath for several minutes to further decoagulate the slurry.
[12] As described by Freeman [1986] , a Franz electromagnet was configured so that the pole faces were positioned vertically to allow passage of the sediment-rich slurry for magnetic mineral extraction. A Tygon 2 tube was attached to a stopgap below a slurry reservoir placed above the electromagnet. The tube was then run through a peristaltic pump and back into the slurry reservoir to form a closed circuit. The peristaltic pump was set at a flow rate between 1 and 3 cm 3 /min to allow fine magnetic mineral migration to the sides of the magnetic poles during pumping. The current to produce the electromagnetic field was set at 0.20 A, yielding approximately a 0.10 T field. After a 24-hour cycle the stopgap was closed, and deionized water was flushed through the tube to clean out any extra residue buildup. Care was taken to prevent air bubbles from entering the tube with the deionized water, as surface tension gradients would cause extract to be stripped from the tube walls. After sufficient cleaning, the section of tube between pole faces was removed, and the magnetic extract was flushed into 50-mL beakers until the tube walls were cleaned. The beakers were then placed in a drying oven until all water was evaporated, and the magnetic extract had settled to the bottom of the beakers. The samples were doused with a small amount of deionized water, placed in an ultrasonic bath and transferred to cleaned 10-mL plastic sample holders to dry. This procedure produced a highly concentrated magnetic extract, which could be used for both rock magnetic and SEM study. Finally, the nonmagnetic residue for each site was cleaned, dried, and weighed for rock magnetic experiments run in parallel with whole rock chips and extract.
Rock Magnetism
[13] Hysteresis properties of magnetic extract, nonmagnetic residue and bulk rock were measured with a Princeton Vibrating Sample Magnetometer (Micro-VSM) at the Institute for Rock Magnetism at the University of Minnesota. Low-temperature magnetic behavior of bulk rock and nonmagnetic residue was measured using a Quantum Design MPMS2 cryogenic magnetometer, also at the Institute of Rock Magnetism. Acquisition and demagnetization of saturation isothermal remanent magnetization (SIRM) and anhysteretic remanent magnetization (ARM) were measured in the University of Michigan's paleomagnetic laboratory. IRMs were imparted with an electric magnet in fields up to 1.2 T. ARMs were imparted in AC fields up to 200 mT, with a DC bias field of 0.5 mT. Finally, thermal demagnetization of three-axis IRM [Lowrie, 1990] was performed on representative samples based on their IRM acquisition curves and low-temperature behavior. For the three-axis measurements an IRM was first imparted down the long axis of the cores (z axis) with the maximum available field of 1.2 T. Subsequently, 0.4-T and 0.12-T fields were applied along the x and y axis, respectively.
SEM
[14] After all rock magnetic experiments were complete, magnetic extract and cores of representative samples were prepared for analysis with the scanning electron microscope (SEM). Magnetic extract was dusted onto carbon tape and carbon coated. Paleomagnetic cores were mounted for thin section preparation and carbon coated. Energy-dispersive spectral analysis (EDS) and photographs were taken with a Hitachi S-570 SEM fitted with a backscattered electron (BSE) detector and a Kevex Quantum detector.
Results
IRM Acquisition and Three-Axis IRM Demagnetization
[15] IRM measurements were made on core specimens from 34 of the 37 sites studied ( Figure 5 ). In 23 of the 34 samples measured, IRM was acquired rapidly in low fields (<0.2 T), becoming completely saturated by 0.3 T, indicating a dominance of low-to medium-coercivity mineral phases. In the remaining 11 samples, IRM was again acquired rapidly in low fields (<0.2 T); however, a higher-coercivity mineral phase was present that could not be saturated with the available fields. Hematite and/ or goethite are likely candidates for these higher-coercivity phases.
[16] To test this hypothesis, thermal demagnetization of threeaxis IRM was performed according to the method of Lowrie [1990] (Figure 6 ). With this technique, magnetic minerals with contrasting coercivities can be identified according to their respective unblocking temperatures. Twelve representative samples were chosen based on IRM acquisition curve behavior: six samples that were completely saturated by 0.3 T and six samples that carried a higher-coercivity phase. The dominant magnetic mineral present is a low-to medium-coercivity phase, likely magnetite, which confirms the results obtained from IRM acquisition (Figure 6a) . In all cases, $85% of the total IRM was removed by 550°C, and in all but one of the samples (Figure 6b) , 95% of the soft coercivity component was removed by 500°C. The unblocking temperature of the soft component was very similar to the average unblocking temperature observed during NRM demagnetization. Of the six samples that carried the highercoercivity phase, four had their medium and hard component unblock at 680°C, typical of hematite (Figure 6b ), and two unblocked by 120°C, typical of goethite (Figure 6c ). However, of the $1700 carbonate cores thermally demagnetized for paleomagnetic purposes, less than one tenth of 1% had unblocking temperatures above 580°C. This suggests that although present as a magnetic phase, hematite is not a significant remanence carrier in CAA limestones. Typical goethite demagnetization behavior was never clearly observed. Together, unblocking temperatures of NRM, three-axis IRM, and IRM acquisition curves, all suggest that magnetite is the dominant carrier of CAA's ancient remagnetizations.
Hysteresis Measurements
[17] Hysteresis measurements were made on extract, nonmagnetic residue, and whole rock chips from each of the 37 sample sites, for a total of 111 measurements. Typical examples of all three sample sets are shown in Figure 7 . Whole rock and several residue hysteresis loops indicated both diamagnetic and paramagnetic influences at high field strengths. Consequently, measurements were slope-corrected to remove effects of any nonferromagnetic and/or ferrimagnetic mineral phase. Several samples could not be saturated during hysteresis measurement, indicating the presence of a high-coercivity mineral phase. These samples were removed from analysis of hysteresis ratios.
[18] Measured Mr/Ms ratios from the saturated samples ranged between 0.03 and 0.24 for whole rock chips, 0.10 and 0.29 for residue, and 0.14 and 0.35 for extract (Figure 7) . Measured Hcr/Hc ratios ranged between 3.4 and 18.9 for whole rock chips, 1.7 and 7.1 for residue, and 1.5 and 3.4 for extract (Figure 7) . When ratios are plotted on Day diagrams [Day et al., 1977] , extract and residue values for Mr/Ms and Hcr/Hc lie mainly in the pseudosingledomain (PSD) field and in the PSD and multidomain (MD) fields for whole rock chips. As has been found in almost all other studies of remagnetized limestones [Jackson, 1990; McCabe and Channell, 1994; Channell and McCabe, 1994] , whole rock hysteresis loops for CAA carbonates were strongly wasp-waisted (Figure 7c) . None of the extract loops showed any evidence of constricted hysteresis loops (Figure 7a ).
[19] When hysteresis measurements are examined according to the magnetic component(s) held by the samples (Figure 8 ), groupings are observed, indicating that the magnetic behaviors of the different remagnetizations carry distinct fingerprints of the carbonates' history. Whole rock hysteresis properties have the most distinctive clusters of the different magnetization components (Figure 8a ). The older magnetization (C) has the lowest Hcr/Hc ratios, while one of the younger magnetizations (B) has the highest Hcr/Hc ratios. Samples that carry both B and C magnetizations have intermediate values. The youngest of the three remagnetizations (PT) has a similar distribution to those samples that carry both the B and the C components.
Low-Temperature Demagnetization
[20] To further test the magnetic mineralogy present in CAA limestones, as well as test for the relative contribution of SP grains, samples from each site were given an IRM at room temperature, allowed to cool in a zero field (ZF) to 20 K, given an SIRM, and then warmed to room temperature in a zero field (Figures 9a -9c) . Several samples were also field cooled (FC) in a 2.5-T field, and a second warm-up was run to test for the presence of goethite (Figures 9d and 9e) . Six samples showed a classic Verwey transition at $120 K (Figure 9b ), indicating that magnetite is an important contributor to total IRM.
[21] Four samples showed the Morin transition at $225 K during cooldown [Liebermann and Banerjee, 1971] (Figure 9c) , which represents the presence of >0.1 mm hematite [Bando et al., 1965] . The lower than normal temperature of the Morin transition, usually occurring near 260 K, is likely due to impurities and vacancies in the hematite crystal lattice or the lack of crystalinity [Morrish, 1994] . However, as determined from NRM demagnetization, hematite has negligible influence on the natural remanence in CAA carbonates.
[22] Ö zdemir and Dunlop [2000] documented that samples containing goethite experience a larger drop in total moment during warm-up after being field cooled compared to warm-up after being ZF cooled. This behavior is due to the large coercivity at low temperatures of goethite, which makes low-temperature magnetization very inefficient after zero field cooling. Confirming threeaxis IRM demagnetization, the same samples that had mediumand high-coercivity phases unblock by 120°C exhibited a much larger difference in magnetic moment drop during warm-up after being field cooled compared to the difference after being zero field cooled (Figure 9d ). Those samples that showed no evidence of goethite displayed more comparable warm-up curves after FC and ZF cooled runs (Figure 9e) .
[23] Similar to observations made on remagnetized Paleozoic carbonates from Missouri [Sun and Jackson, 1994] , a majority of CAA carbonate samples show a rapid loss of IRM intensity below 50 K during warming. This behavior strongly suggests a large population of SP grains [Xu et al., 1998; Katz et al., 1998a] .
Cisowski Tests
[24] To further test the domain state, interactive nature, and grain size of the magnetic minerals, crossover plots were created comparing IRM acquisition curves with AF decay curves of IRM [Cisowski, 1981] . Figure 10 shows that AF decay of IRM is almost a mirror image of IRM acquisition, with both curves intersecting at $50% normalized moment. According to Cisowski [1981] this behavior represents a population of noninteracting SD and/or PSD particles. The low fields between 40 and 60 mT at which crossover Figure 6 . Typical measurements of thermal demagnetization of three-axis IRM for samples containing (a) magnetite only, (b) magnetite and hematite, and (c) magnetite and goethite. Thermal demagnetization of three-axis IRM produced by magnetizing the samples in a 1.2-T field along the z axis, followed by a 0.4-T field along the y axis, and finally a 0.12-T field along the x axis [Lowrie, 1990] . is attained suggests that magnetite is the dominant remanence carrier [Symons and Cioppa, 2000] .
[25] Dunlop [1983] documented that the shape of IRM decay curves (convex or inflected) is a characteristic signature of magnetic domain state, where convex, or exponential-like, curves represent MD magnetite grains, and inflected curves represent SD and PSD magnetite grains. In all CAA samples measured, IRM decay curves showed an inflected shape with an initial convex upward form, then a convex downward form, representative of SD and PSD behavior.
[26] ARM/IRM ratios were also calculated for CAA carbonate samples (see Table A1 ), with almost all samples having ratios exceeding 0.10. Jackson et al. [1992] found that these high ratios are typical of remagnetized North American carbonates, compared with much lower values for unremagnetized carbonates. They showed that this was a robust indicator of the presence of a large volume of very fine-grained magnetite spanning the SP-SD domain threshold.
SEM Results
4.5.1. SEM observations of thin sections.
[27] Polished thin sections of CAA carbonates yielded two morphologic groups of Fe sulfides and three morphologic groups of Fe oxides. The two Fe-sulfide groups were (1) framboid spherules (Figures 11a and 11b ) and (2) large euhedral grains (Figure 11a ). The three Fe-oxide groups were (1) spherules (Figure 11c ), (2) Fe oxide as a result of Fe-sulfide oxidation (Figure 11d ), and (3) submicrometer Fe oxides associated with authigenic minerals (Figures 11e, 11f, and 11g) . The oxides and sulfides observed were almost exclusively present along grain boundaries (e.g. calcite, quartz, dolomite, and clays), within cavities, or associated with fractures and veins (Figures 11a, 11b , and 11d -11g). Very rarely was an oxide or sulfide observed within apparently undisturbed calcite grains. A rare exception is found in Figure 11c .
[28] Framboid spherules made up the largest concentration of Fe sulfides in thin section (Figure 11c ), recognized by their aggregate crystal form of well-defined octahedral and cubo-octahedral crystals. As also observed by Suk et al. [1993] , framboid spherules were almost always perfectly round, with occasional irregularly shaped aggregates. The framboid spherules yielded EDS spectra of pure Fe with a significant S peak.
[29] The most abundant pure Fe oxide observed in thin section was Fe oxide replacement of Fe sulfide as spherules, single crystals, or crystal aggregates (Figures 11c and 11d) . The individual crystals that made up the spherules and aggregates were usually <1 mm in diameter but sometimes up to 10 mm, either consisting of Fe-oxide rims with Fe-sulfide cores, Fe-oxide crystals with hollow cores, or solid Fe-oxide crystals. Similar observations of Fe-sulfide oxidation reactions have been found in remagnetized North American carbonates [Suk et al., 1990a [Suk et al., , 1990b .
[30] Pure Fe oxides were also found in association with authigenic minerals such as dolomite and illite. Figures 11e and 11f show large iron-rich clay grains, likely smectite, within larger veins of Fe-deficient clay, dominantly illite. Associated with the alteration of smectite to illite are fine-grained Fe oxides found along clay grain boundaries and at the contact between the alteration product (illite) and the carbonate host rock. Figure 11g shows a zoned dolomite crystal (dark bands are dolomite, and light bands are dedolomite) with submicron Fe oxides concentrated within the lighter zones; however, the individual crystals that make up the Feoxide concentrate are too small to determine their exact cation composition with EDS. This phenomenon was found in isolated areas. In cogenetic association with the altered dolomite were spherules that had been oxidized from Fe sulfide to pure Fe oxide (Figure 11c ). Moving away from the altered dolomite crystals, spherules become more sulfide rich, until only Fe-sulfide framboid spherules were found. In these areas the zoned dolomite crystals were unaltered, with dark bands of pure dolomite and lighter bands of dolomite with a measurable amount of iron (Figure 11h) .
[31] The Fe oxides associated with both authigenic minerals and pyrite replacement were always found in association with cracks, veins, grain boundaries, and other likely fluid pathways. When Feoxide grains were large enough, EDS analysis revealed Fe as the only detectable cation.
4.5.2. SEM observations of magnetic extract.
[32] Magnetic extract from CAA carbonates yielded two morphologic groups of Fe sulfides and three different morphologic groups of Fe oxides. The three Fe-oxide groups were (1) 5-to 100-mm spherules, (2) 0.1-to 5.0-mm semieuhedral to euhedral authigenic grains, and (3) 5-to 100-mm subangular to subrounded detrital grains. The two Fe-sulfide groups were (1) 5-to 50-mm framboid spherules and (2) 5-to 20-mm semieuhedral to euhedral authigenic grains.
[33] Extracted Fe-bearing spherules from CAA carbonates were characterized by several distinct surface textures: (1) smooth, (2) dendritic, and (3) platy (Figures 12a -12d) . A similar variety of surface textures have been observed in previous studies of remagnetized carbonates [e.g., Freeman, 1986; Xu et al., 1994; Suk and Halgedahl, 1996] . A fraction of the spherules observed was broken during the extraction process and appeared hollow. Unlike the results of Suk and Halgedahl [1996] , none of the broken spherules appeared solid, although this does not preclude their existence. EDS spectra for spherules revealed either pure Fe, or Fe with measurable amounts of Si and Al and lesser amounts of Ca and K. These non-Fe cations are likely associated with authigenic clays [Lu et al., 1990] , inclusions [Suk and Halgedahl, 1996] , or a matrix that bonds individual crystals of iron oxide [Suk and Halgedahl, 1996] . Nickel was notably absent from spherules, arguing against an extraterrestrial origin.
[34] Framboid spherules were present in small concentrations, distinguished from spherules by the presence of sulfur. This is in strong contrast to the thin section observations, which revealed an overabundance of framboid spherules. Therefore only a small fraction of the total sulfide volume observed in thin section was probably magnetic enough to be extracted.
[35] No X-ray diffraction or scanning transmission electron microscopy (STEM) measurements were done. Consequently, it was impossible to determine the exact mineralogy of individual oxides. However, EDS spectra combined with rock magnetic observations and crystal habit strongly suggest that the oxides observed in extract with pure Fe-cation spikes are magnetite. Similar SEM observations were made in studies of North American remagnetized carbonates, which when combined with STEM analysis confirmed magnetite as the main Fe oxide [Suk et al., 1990a [Suk et al., , 1990b [Suk et al., , 1991 Xu et al., 1998 ]. [36] Nonspherical Fe oxides were observed as 0.1-to 5.0-mm semieuhedral to euhedral grains (Figures 12e and 12f ) and as 5-to 100-mm subangular to rounded grains (Figures 12g and 12h) . EDS spectra of these particles revealed pure Fe-cation peaks. The finegrained Fe oxides (0.1 -5.0 mm) dominated the extract and were often found clustered together or coating larger grains. When the crystal form of these fine grains was large enough to discern (>1.0 mm), they were characterized by an octahedral form suggesting a magnetite mineralogy (Figures 12e and 12f) . The size and crystal morphology of these particles suggest an authigenic origin.
[37] On the other hand, the very large iron oxide grains observed were all subangular to rounded, suggesting a detrital origin (Figures  12g and 12h) . On several of the largest grains, botryoidal Fe-oxide overgrowth was observed, providing further evidence of authigenic magnetite crystal growth (Figure 12g) . Although dominated by magnetic material, extract also included clays, sulfides, quartz, and feldspar grains and smaller populations of Ti and Cr oxides.
Discussion
[38] In northern Spain, Paleozoic carbonates experienced three remagnetizations temporally linked to the Late Paleozoic VariscanAlleghanian orogeny. The NRMs of these remagnetizations have been shown, herein, to be CRMs that reside in noninteracting PSDlike magnetite. However, the presence of a large population of SP grains detected in whole rock rock magnetic properties obscures the remanence carrying population by producing a strong bimodal distribution of vastly different magnetic coercivity phases (Figure 8 ). This results in wasp-waisted hysteresis loops and high Hcr/Hc ratios for whole rock samples, giving CAA carbonates a remagnetization fingerprint similar to that found in North American carbonates [e.g., Jackson, 1990; McCabe and Channell, 1994] . The main cause of this bimodal distribution in CAA carbonates, when not shown to be caused by the presence of a high-coercivity mineral phase, is shown to be a mixture of SP magnetite with SD and PSD magnetite.
[39] Although not the actual remanence carrier, the abundant volume of SP grains is paradoxically the most informative and influential bulk rock magnetic characteristic of CAA carbonates. Hysteresis ratios (Figure 8 ), low-temperature behavior (Figure 9) , and high ARM/IRM ratios all indicate that SP grains make up the largest volume of magnetic material present in CAA carbonates. However, this very fine grained material apparently does not survive the magnetic extraction process, either because of removal while decanting the acid solution or by being dissolved. The loss of SP grains is most apparent in the trend of hysteresis ratios from low Mr/Ms and higher Hcr/Hc values in whole rock measurements toward higher Mr/Ms and low Hcr/Hc values in extract measurements as the carbonate samples progress through the dissolution and extraction process (Figure 8d ). This is further corroborated by the appearance of strongly wasp-waisted hysteresis loops in all whole rock samples, whereas all extract samples have nonconstricted PSD-like hysteresis loops (Figures 7a and  7c) . Because SP and near SP grains have the ability to quickly change magnetization directions in low fields, they exert a strong control over Hc and Mrs/Ms values [Suk and Halgedahl, 1996] . Consequently, the more SP grains in a sample, the lower the sample's Hc value, and thus the higher the Hcr/Hc ratio relative to an expected Mrs/Ms ratio. This is the case in all CAA whole Figure 9d confirms the threeaxis IRM demagnetization of sample SL47, which showed the presence of goethite (Figure 7c ). Figure 9e shows typical behavior of most samples, which show no evidence of goethite.
rock samples. These results contradict previous studies that attempted to extract representative NRM carrying material. For example, Suk et al. [1993] and Sun and Jackson [1994] found that their extraction procedure yielded a preferential loss of SD and PSD remanence carriers, resulting in lower Mr/Ms ratios for extract compared to whole rock samples, whereas the CAA extraction procedure yielded a preferential loss of SP grains while retaining viable remanence carrying SD and PSD grains. Therefore, rather than directly characterizing the remanence carrying population through rock magnetic analysis, Suk et al. [1993] and Sun and Jackson [1994] had to infer characteristics from bulk rock analysis that was heavily overprinted by the presence of SP grains.
[40] The rock magnetic influence of SP grains is also apparent in the power law trends for hysteresis ratios. Figure  13 shows hysteresis ratios from this study compared with published trends from remagnetized North American limestones Jackson, 1990] , unremagnetized Maiolica limestones , and the results of Parry [1982] for synthetic magnetite mixtures. The CAA hysteresis values are noticeably different from those classically associated with remagnetized North American carbonates [e.g., Jackson, 1990; Channell and McCabe, 1994] . However, CAA whole rock data do yield a shallow power law slope similar to those of previous studies of remagnetized carbonate, albeit with lower Mrs/Ms values at the lower Hcr/Hc end. On the other hand, our extract data yield almost the same slope and y-intercept as the mixing trend of Parry [1982] and unremagnetized Maiolica limestones . These results suggest that the remagnetization fingerprint trend widely reported for North American carbonates [e.g., Jackson, 1990; Channell and McCabe, 1994] is paradoxically the strong influence of authigenic SP grains on whole rock hysteresis behavior and that the actual remanence carrying material, as represented by CAA extract, is almost identical to that expected for a natural mixture of SD, PSD, and MD magnetite grains.
[41] The effect of SP grains is further evidenced by the different clustered distributions of whole rock hysteresis measurements for samples carrying different CAA remagnetization components (Figure 8) . Samples with the B component have the highest Hcr/Hc ratios, and by inference the largest volume of (authigenic) SP grains. The samples with the C and PT components have much lower Hcr/Hc components, and by inference a smaller volume of (authigenic) SP grains. Therefore the CAA's Late Paleozoic remagnetization history can be thought of as a series of unique and successive events, each one initiating growth of new magnetic grains. This is a similar finding to Katz et al. [2000] , who reported an increase in the relative abundance of SP magnetite with an increased level of remagnetization. In the case of CAA carbonates the multiple remagnetization events left a fingerprint on the whole rock magnetic properties, which is now observable in their individual component's hysteresis properties. This fingerprint indicates that the abundance of SP grains is a very important consequence and characteristic of the remagnetization process in CAA carbonates and that new magnetic mineral growth is an integral component of this process.
[42] SEM observations, linked with rock magnetic results, provide further insights into the remagnetization process and the genesis of the magnetic grains responsible for chemical remanent magnetizations found in CAA carbonates. The most important production of new magnetic material comes from the oxidation of Fe sulfides, which results in the formation of new magnetite [Suk et al., 1990a [Suk et al., , 1990b . There is an unmistakable similarity between the morphology and grain size of fine-grained Fe oxide (0.1 -5.0 mm) observed in extract, to that observed as a product of Fe-sulfide replacement in thin sections. Thus it is likely that a majority of the remanence carrying PSDlike magnetite determined from rock magnetic analysis is a direct product of Fe-sulfide alteration due to oxidizing fluids. Similar observations in remagnetized New York carbonates led Suk et al. [1990a Suk et al. [ , 1990b to conclude that the remagnetizations were a CRM acquired by alteration of pyrite in the presence of fluids.
[43] The importance of fluids is further confirmed by the location of alteration products (i.e., clay and dolomite) along fluid pathways such as cracks, grain boundaries, and interconnected voids. Additionally, the abundant submicron Fe oxides found in cogenetic relationship with these authigenic mineral phases gives further evidence for fluid involvement in the remagnetization process. In North American carbonates these same alteration products (dolomite and illite) have been shown to form penecontemporaneously with remagnetizations [Elmore et al., 1985; Hart and Fuller, 1988; Suk et al., 1993] and by inference both are related to the same process.
[44] Given the above SEM observations, it is apparent that the new potential remanence carrying magnetic material is a product of both new mineral nucleation and growth and oxidation of existing mineral phases. The abundance of extracted euhedral fine-grained pure Fe oxide (0.1 -5.0 mm), Ni-free Fe-oxide spherules, and the presence of botryoidal iron oxide overgrowths on detrital grains in CAA magnetic extracts confirm thin section observations that the majority of magnetic material present in CAA carbonates is authigenic in origin. Furthermore, the cogenetic relationship between Fe oxides and fluid pathways and alteration products (e.g., illite and dolomite) indicates that the authigenic reactions that produced the aforementioned Fe oxides . IRM acquisition (triangles) and AF demagnetization (diamonds) curves for representative CAA samples, indicating remanence carried by noninteracting fine particles [Cisowski, 1981] . occurred in the presence of fluids. The likely source of iron in these fluids comes either from transformation of Fe-rich clays (e.g., smectite, chlorite) to illite [Jackson et al., 1988; Lu et al., 1991; Katz et al., 1998b] , from alteration of organic rich sediment [Katz et al., 1998a] , from alteration of originally ferruginous carbonate material [Bachtadse et al., 1987] , or from alteration and dissolution of Fe sulfides or detritus material such as chromite, iron-titanium oxides, etc. Additional iron could also have been transported into the carbonate system by externally derived fluids.
[45] The above mentioned need for fluids in the formation of the authigenic magnetite requires a fluid source. The source of these fluids has been the subject of debate in most studies of remagnetized carbonates. The two main sources for fluids are thought to be localized pore fluids [Elmore et al., 1993] or externally derived fluids [Oliver, 1986; Bethke and Marshak, 1990] . Because of the contemporaneous nature of remagnetization and orogenesis, most studies of Late Paleozoic remagnetizations have called upon tectonically driven fluids for authigenic activation. Tectonically driven fluids can be activated by large-scale thrusting and deformation in the hinterland, which acts as a ''squeegee'' to drive fluids toward the foreland [Oliver, 1986] . Such a model has been used to explain the occurrence of hydrocarbons and Mississippi Valley-type deposits in the Appalachian foreland. Tectonic fluids can also be activated by gravity-driven flow of meteoric water due to topographically enhanced structural stacking within an orogenic deformation zone [Bethke, 1986] . Without further geochemical analysis of fluid inclusions and isotopic composition from CAA carbonates, the exact origin of the fluids (meteoric, formational, or brinal) responsible for CAA remagnetizations remains speculative. However, the coeval nature of remagnetizations with different deformation events in the CAA's tectonic history [Weil et al., 2000] , indicates that tectonism was the catalyst for fluid flow, and consequently, was the underlying cause of remagnetization.
Conclusions
[46] Together, SEM observations and rock magnetic experiments reveal that the three Late Paleozoic remagnetizations experienced by CAA Paleozoic carbonates are CRMs facilitated by the presence of fluids. We conclude that the fluids, whether externally or internally derived, are activated as a response to tectonism because of the synchroneity of the remagnetizations with the local Variscan-Alleghanian orogenic phases. The corresponding megascale tectonic event likely increased fluid mobility, as a product of tectonic thickening (thrust sheet stacking), tectonically induced permeability, and/or gravity-driven flow, which ultimately facilitated the growth of new magnetic material. In CAA carbonates, fluid flow driven chemical reactions resulted in the formation of submicron to micron-sized Fe oxide associated with Fe-rich clay and calcite-dolomite alteration, or as oxidation of Fe-sulfide framboids to form magnetite. This newly formed PSD-like magnetite, which has similar rock magnetic characteristics to those found in unremagnetized carbonates, is the dominant remanence carrying material. However, the most striking rock magnetic characteristic of CAA carbonates, and thus their fingerprint, is paradoxically the large population of SP magnetite that grew during the remagnetization events and not the newly formed remanence carrying material. . Best fit power law trends for hysteresis ratios from CAA carbonate whole rock (heavy dashed line) and extract data (heavy solid line) compared with published trends from remagnetized North American carbonates (dotted line, Jackson [1990] ; thin solid line, Channell and McCabe [1994] ), unremagnetized Maiolica carbonates (dashed-double dotted line, Channell and McCabe [1994] ), and the results of Parry [1982] (dashed-single dotted line) for synthetic mixtures of magnetite.
